We investigated the therapeutic effects of two different versions of A␤ 1-15 (16) liposome-based vaccines. Inoculation of APP-V717IxPS-1 (APPxPS-1) double-transgenic mice with tetrapalmitoylated amyloid 1-15 peptide (palmA␤ 1-15), or with amyloid 1-16 peptide (PEG-A␤ 1-16) linked to a polyethyleneglycol spacer at each end, and embedded within a liposome membrane, elicited fast immune responses with identical binding epitopes. PalmA␤ 1-15 liposomal vaccine elicited an immune response that restored the memory defect of the mice, whereas that of PEG-A␤ 1-16 had no such effect. Immunoglobulins that were generated were predominantly of the IgG class with palmA␤ 1-15, whereas those elicited by PEG-A␤ 1-16 were primarily of the IgM class. The IgG subclasses of the antibodies generated by both vaccines were mostly IgG2b indicating noninflammatory Th2 isotype. CD and NMR revealed predominantly ␤-sheet conformation of palmA␤1-15 and random coil of PEG-A␤ 1-16. We conclude that the association with liposomes induced a variation of the immunogenic structures and thereby different immunogenicities. This finding supports the hypothesis that Alzheimer's disease is a ''conformational'' disease, implying that antibodies against amyloid sequences in the ␤-sheet conformation are preferred as potential therapeutic agents.
C
linical manifestations of Alzheimer's disease (AD) include progressive memory loss, cognitive impairment, confusion, and personality changes. The major neuropathological changes in the brains of AD patients are senile plaques and neurofibrillar tangles causing progressive neuronal dysfunction. These pathological alterations are likely causally involved in eventual neuronal death, particularly in brain regions related to memory and cognition (1) (2) (3) (4) . Senile plaques are formed predominantly by the ␤-amyloid peptide A␤ that is coiled and ␣-helical in its soluble form but, upon conformational transition, aggregates into ␤-sheeted multimers. The monomeric A␤ peptide is a physiological metabolite of the large amyloid precursor protein (APP, 695-770 aa) that undergoes processing by several sequential proteolytic steps (5) . The A␤ aggregates are proposed to play the key role in the pathogenesis of AD (6) . In transgenic animals that overexpress mutant human APP, anti-A␤-specific antibodies decreased the A␤ burden and improved memory after either passive (7) (8) (9) (10) (11) or active (12) (13) (14) (15) (16) (17) (18) immunization.
We previously demonstrated that i.p. inoculation of tetrapalmitoylated A␤1-16 reconstituted in liposomes to transgenic NORBA mice elicited significant titers of anti-A␤ antibodies, that solubilized amyloid fibers in vitro and pancreatic A␤ plaques in vivo (19) . To circumvent T cell-mediated immune responses known to be causatively involved in the adverse events of meningoencephalitis of AD patients immunized with A␤1-42 (20) (21) (22) , the A␤1-16 and 1-15 sequences were used for immunization of APPxPS1 double-transgenic mice (23) because strong T cell epitopes are located more toward the C-terminal region for mice (24) and humans (25) . To gain a sufficient yield and purity of the chemical synthesis of the PEGylated A␤, we added a lysine residue at the C terminus of the A␤1-15.
The purpose of this study was to investigate (i) the safety and therapeutic effect of antibodies elicited by conformationstabilized A␤ 1-15 (16) reconstituted in liposomes as evaluated by memory recovery in F1 FVBxC57Bl6 APP-V717IxPS-1 (APPxPS-1) transgenic mice, and (ii) to define the relationship between therapeutic efficacy and conformation of the antigenic peptide in the liposomal antigen.
the A␤ peptide on the secondary conformation of the amyloid sequence reconstituted in liposomes was equally measured by CD. PEGylated A␤1-16 appears to be in a random coil or unstructured protein conformation (negative signal up to 210 nm, crossing the x axis and slowly reapproaching the zero axis up to 260 nm (Fig. 1C) . On the other hand, palmitoylated peptide A␤1-15 contains a significant proportion of ␤-sheet conformation (positive signal up to 210 nm, downward crossing zero axis and approaching it again in the region of 260 nm (Fig. 1C) . The closer proximity of the palmitoylated peptide to the liposomal surface appears to impose a defined secondary conformation. This configuration is potentially due to interactions of the peptide with the surface of the liposome that apparently are not possible with the PEGylated peptide.
NMR Spectroscopy. To gain additional insight into the molecular structure of the polypeptide chains, MAS NMR experiments were performed (28) (29) (30) . The spectral region of the peptide backbone and aromatic side chains were monitored for ACI-01 and ACI-24 when reconstituted into liposomes [supporting information (SI) Fig. 5 ]. For comparison, the MAS NMR spectra of the PEGylated and palmitoylated as well as the peptide chain alone in PBS buffer were measured. Whereas the NMR linewidth observed for the peptide alone is indicative of the formation of small aggregates in aqueous solution (31) , larger complexes are formed in the presence of the linker sequences (SI Fig.  5 ). Still-larger complexes are formed after reconstitution of the peptides into liposomes. Although the spectral lines are broadened after reconstitution and do not allow the assignment of individual resonances, the spectral differences in the 6-to 9-ppm region are indicative of conformational alterations when the linker that anchors the antigen in the bilayer is modified. The line-broadening observed for the ACI-01 and ACI-24 peptides carrying their respective linker is between that observed for the free peptide and when attached to the liposomes. These findings also indicate the formation of macromolecular aggregates, probably micelles, for the peptides of ACI-01 and ACI-24 in the absence of lipids. The spectral features of these ''peptide micelles'' exhibit many similarities to the ones obtained from the respective peptides in the presence of liposomes. This observation suggests that similar conformational determinants already exist in the peptidic micelles.
Anti-A␤ Antibody Response in APPxPS-1 Mice. To evaluate the immune response to the liposomal antigens, double-transgenic APPxPS-1 mice received a total of five i.p. inoculations of 200 l of either liposomal vaccine ACI-01 or ACI-24 administered at 2-wk intervals. Blood was collected after the second inoculation and then every second week to determine antisera titers. ACI-01 elicited primarily antibodies of the IgM class and at higher levels than those elicited by ACI-24. In contrast, the anti-A␤1-42-specific IgG immune response to ACI-01 immunization was much lower compared with ACI-24 that increased rapidly and reached a peak at 5 wk ( Fig. 2A) .
The final blood samples from all of the animals were also analyzed for their IgG isotype. Immunization with ACI-24 resulted mainly in isotypes IgG1 and IgG2b, which are associated with noninflammatory Th2 response, and also in IgG3, which is a T cell-independent IgG subclass (32) (Fig. 2B) . With the exception of one animal vaccinated with ACI-24, both vaccines induced only very low levels of IgG2a (Th1).
Epitope-mapping of the resulting antibodies was performed by ELISA using a peptide library comprising a total of 33 biotinylated peptides covering the complete amino acid sequence of A␤1-42. A biotinylated complete A␤1-42 peptide served as positive control. Immunization with both vaccines resulted in anti-A␤ antibodies with the same epitopes defined by amino acids 1-8 of A␤ (Fig. 2C) . Introduction of the additional lysine residue at position 16 for synthetic reasons in the amyloid peptide in ACI-01 exerted no influence on the binding function of the elicited antibodies. Both vaccines showed significantly higher binding to the entire A␤1-42 protein than to the peptide A␤1-8. We analyzed the dependency on the conformation of the peptide by measuring specific binding of the resulting anti-A␤ antisera to polymeric A␤ by adapting the ELISA with A␤1-42 fibers. Immunization with ACI-24 raised significantly higher titers of anti-A␤ antibodies recognizing A␤1-42 fibers than antisera raised by immunization with ACI-01 (Fig. 3) . Thus, immunization with ACI-01 and ACI-24 produce immune responses that differ not only in their titer, subclasses, and Igisotypes but also in their conformational specificity. 
ACI-24
Peptide-Immunogens: treated with empty liposomes (Fig. 4A ). Mice immunized with ACI-24 recognized and remembered the original object for at least 3 h, similar to healthy mice matched for age, gender, and genetic background. In contrast, immunization with ACI-01 did not result in any restoration of memory.
To decipher the potential contribution of the IgM and IgG antibodies to cognitive function, a correlation analysis was performed. IgM antibodies did not correlate with the memory capacity (r 2 ϭ 0.2333), but antibodies of IgG class correlated roughly (r 2 ϭ 0.857) and directly to the memory capacity (ORT index). Between an ORT Index of 0 to 20, an essentially linear relationship between antibody titer and memory improvement was observed (Fig. 4B) . At an ORT index Ͼ20, the Ig antibody titer enters a saturation phase, and the ORT index is not further improved. This result could indicate that IgM antibodies, which cannot pass the blood-brain barrier, do not contribute to the restoration of memory. In contrast, depending on their subclass, IgG antibodies cross the blood-brain barrier and result in the improvement of memory (7) .
The effect of immunization with ACI-24 on the quantity of soluble and insoluble amyloid peptides in the brain of the APPxPS-1 mice, human A␤1-40 and A␤1-42 was evaluated by ELISA. Immunization with ACI-24 led to a significant decrease of insoluble, plaque-related A␤1-40 and A␤1-42 (Fig. 4C) . Soluble A␤1-42 was significantly reduced, whereas soluble A␤1-40 showed only a trend to decrease.
Immunization with ACI-01 and ACI-24 Does Not Cause Inflammation.
The safety of liposomal vaccines ACI-01 and ACI-24 was assessed by measuring the local production of the inflammatory cytokines IL-1␤, IL-6, IFN-␥, and TNF␣ by ELISA. The amount of activated microglial cells (MHCII) and astrogliosis (GFAP) in the brain in the plaque-predominant subiculum region was assessed by quantitative immunohistochemistry (see SI Methods for additional details) (23) . Immunization with either ACI-01 or ACI-24 did not significantly increase the levels of IL-1␤, IL-6, IFN-␥, and TNF␣ in the brain (SI Table 1 ). Similarly, no differences in astrogliosis were observed upon immunization with ACI-24, whereas the extent of activated microglia showed a tendency to decrease after three month period of immunization (SI Table 1 ).
Discussion
Two liposome-based vaccines directed toward A␤ 1-15 (16) amyloid peptides were synthesized, and immune response, reduction of amyloid, memory improvement, and inflammatory response were examined in APPxPS1 double-transgenic mice. The vaccines were identical in terms of liposomes, amount of antigen, the ratio of lipid to antigen, and the A␤-binding epitope of the antibodies they elicited in mice. They differed, however, in the linker technology used and, consequently, the distance between the antigen and the lipid anchor in the liposome.
We investigated the effect of antigen conformation on the safety and efficacy of anti-␤-amyloid liposome-based vaccines. The aim of the study was to enhance the effectiveness of vaccine therapy for AD. We developed a vaccine that preferentially generates antibodies against amyloid sequences in a ␤-sheet conformation. This construct (ACI-24) exhibited increased affinity for aggregated ␤-amyloid compared with ACI-01, an Ig isotype that enabled passage across the blood-brain barrier and a negligible inflammatory response.
These liposomal vaccines were highly immunogenic in APPxPS1 double-transgenic mice in terms of kinetics and antibody titers. After two intraperitoneal injections, and by 3 wk after the start of the immunization, significant levels of systemic anti-A␤1-42 antibodies were observed. The epitope of the resulting immunoglobulins was identical for ACI-01 and ACI-24, indicating its independence of the 16th amino acid used to create ACI-01. By way of comparison, a significant titer of A␤-specific antibodies by intranasal administration of A␤1-15 tandempeptides with and without covalently linked T helper epitope was elicited only after 6 wk and six intranasal applications (12) . Peripheral administration of a A␤1-42 peptide immunogen likewise took 11 months to reach a ''therapeutic titer'' (14) , comparable with that achieved by ACI-24 after only 3 months.
Introduction of a spacer between the antigen peptide and the surface of the liposome appeared to have a major impact on the immune response. First, PEGylated ACI-01 elicited lower IgG antibody titers than palmitoylated ACI-24 and, second, the A␤ antigen is in a random coil conformation in ACI-01, whereas the antigen in ACI-24 is predominantly in ␤-sheet conformation. The resulting dominating IgG subclasses are the noninflammatory Th2 isotypes (IgG1 and IgG2b). This finding is in accordance with recently published results (33) indicating that vaccines that do not contain the strong T cell epitopes located in the C terminus (24, 25) can induce predominantly Th2-associated antibodies (IgG1, Ig2b). Immunization of the APPxPS-1 double-transgenic mice with ACI-24 led to complete restoration of cognitive, nonspatial memory as measured by ORT. ACI-24-immunized mice had a significantly improved memory over those vaccinated with ACI-01.
Because the only significant structural difference between the two vaccines that could account for their different function in vivo is the linker chemistry, the resulting difference in conformation of the antigenic peptide seems most likely to be the key for the specificity and efficacy of the resulting antibodies. Both CD and MAS solid-state NMR spectroscopy indicated that the secondary structures of the ACI-01 and ACI-24 antigens exhibit significant differences when reconstituted into liposomes. Whereas, in aqueous solution, the A␤1-16 peptide, alone or in the context of the ACI-01 vaccine, exhibited predominantly random-coil conformation, a predominant ␤-sheet conformation was observed in the ACI-24 vaccine, probably because of closer proximity to the liposomal surface (34, 35) . At present, we can only speculate on the reason for the ␤-sheet-like structure of A␤1-15 on the liposome surface. Can electrostatic interactions or hydrogen bonding between the hydrophilic termini of the lipids and the peptide stabilize the structure? Alternatively, does the peptide form an intramolecular hairpin of two antiparallel ␤-strands with a ␤-turn stabilized at both ends by the fatty acid groups inserted into the membrane (36)? An alternative model might be that several A␤-peptides form a two-dimensional array of parallel or antiparallel ␤-strands that would be stabilized by hydrogen bonds between the strands, contact with the liposome surface, and fixation of the termini by fatty acids inserted into the liposome. The antibodies formed against such structures would be expected to more readily interact with the ␤-sheet structures of the amyloid oligomers or fibrils found in the brain than with nonaggregated A␤1-40/42 (37) .
The memory restoration and higher specificity of antibodies for aggregated A␤ by ACI-24 points to an improved therapeutic effect of antibodies against amyloid sequences in ␤-sheet conformation that target A␤ in either oligomers or deposited plaques (38) . This assumption is supported by our findings that antibodies resulting from the ACI-24 vaccination were effective in decreasing insoluble amyloid deposits as well as soluble A␤1-42 in the brains of vaccinated mice.
An additional factor for the high biological activity of ACI-24 compared with ACI-01 appears to be related to the Ig classes of the anti-A␤ antibodies. Whereas ACI-24 elicited predominantly an IgG-based immune response, antibodies produced by immunization with ACI-01 were mainly of the IgM class. Although anti-A␤ IgM antibodies can contribute to the clearance of A␤ plaques in the brain, probably by the so-called ''sink-effect'' (39), we did not observe a significant improvement of memory impairment with the IgM anti-␤-amyloid antibodies. We did not detect any significant signs of inflammation, measured by the proinflammatory TNF␣, IL-1␤, IL-6, IFN-␥ cytokines or by an increase of the MHCII marker for activated microglial cells or the GFAP marker for astrogliosis (40) (see SI Methods for details). The absence of induction of TNF␣ secretion in the brain of immunized mice is an additional important safety criterion. The lack of inflammation as indicated by the specific markers examined and specifically by the trend of a reduction in the number of activated microglial cells identifies the liposomal vaccine ACI-24 as a potential candidate for additional preclinical and possibly clinical investigations.
The findings reported here demonstrate that the liposomal antigen vaccines examined in this investigation elicited therapeutic antibodies against ␤-amyloid only when the antigenic peptide was in a predominantly ␤-sheet conformation. This deduction is substantiated by the restoration of the memory defect in the APPxPS1 mice to that of wild-type mice with this specific type of vaccination. The dependency of the therapeutic activity of the antibodies on antigen conformation provides support for the hypothesis that Alzheimer's disease is a ''conformational'' disease and that antibodies against amyloid sequences in ␤-sheet conformation will be preferred as therapeutic agents. The study also raises the question whether these observations apply specifically to the amyloid peptide vaccine or whether they can be applied to the development of vaccines against other proteins whose pathogenicity is linked to a particular conformation.
Methods
Preparation of Antigens. Liposomes were prepared as described (19) . For the synthesis of the palmitoylated amyloid 1-15 peptide in ACI-24, the orthogonally protected amino acid FmocLys(Mtt)-OH (Merck, Darmstadt, Germany) was coupled to an H 2 N-Lys(Mtt)-Wang resin. Selective deprotection of the Mtt groups was carried out by addition of 1% TFA in dichloromethane. Palmitic acid was then coupled to the two lysine residue side chains, followed by 15 rounds of standard solid-phase peptide synthesis. Fmoc-Lys(Mtt)-OH was incorporated as the last two amino acids and again the Mtt groups deprotected and palmitic acid was coupled by using PyBOP. Simultaneous side-chain deprotections and resin cleavage was carried out by using TFA/TIPS to give the required lipopeptide. The N-and Cterminal lipid-PEG ␤-amyloid peptide antigen of ACI-01 was synthesized by using a similar methodology to that described above except using a H-Gly-2-chlorotrityl resin and an orthogonally protected lysine residue Fmoc-Lys(ivDde)-OH flanking the peptide at both the N-and C-termini. After peptide synthesis was complete, the N terminus was blocked with an acetyl group, and then the two ivDde protecting groups were simultaneously deprotected by using 3% hydrazine in DMF. The peptide was then cleaved from the resin by using 30% trifluoroethanol in dichloromethane so as not to deprotect the other amino acid side chains and then coupled in solution with DSPE-PEG-SPA (PEG DP ϭ 77;Nektar Therapeutics, Huntsville, AL) at 40°C for 18 h in DMSO. The reaction was quenched, lyophilized, side-chain deprotected by using TFA, and purified by rpHPLC. PEGylated A␤1-16 (for ACI-01) and palmitoylated A␤1-15 (for ACI-24) were reconstituted in liposomes consisting of dimyristoyl phosphatidyl choline (DMPC), dimyristoyl phosphatidyl glycerol (DMPG), and cholesterol (Avanti Polar Lipids, Alabaster, AL) at molar ratios 9:1:7. Monophosphoryl lipid A (Sigma-Aldrich, St Louis, MO) was added at 40 mg/mmol phospholipids.
CD Spectra. ACI-01 and ACI-2 samples were diluted either 2-or 4-fold in PBS and then sonicated for 3 min at 170-260 W by using 0.5-s pulses immediately before analysis. Spectra were recorded on a Dichrograph (J-715; Jasco, Easton, MD) with a quartz cell cuvette of 0.1-cm optical path length. The spectral window was scanned between 195 and 260 nm at a speed of 50 nm/min at 25°C. Spectral data of control empty liposomes was analyzed at corresponding dilutions and subtracted from sample data. CDPro package was used to estimate the secondary structure of the samples. A protein database of 56 entries, of which 13 were membrane proteins, was used for deconvolution by CONTINLL software (41) .
Blood Collection. For the analyses of the antiamyloid titers, blood was collected at six different time points, 5 days after each inoculation. The blood (Ϸ30 l) was obtained from the tail vein, and Ϸ5 l of heparin was immediately added. A final blood collection was performed by a heart puncture during anesthesia at the moment of killing. Blood was centrifuged at 4000 ϫ g for 5 min at 4°C. The sera were separated from the blood cells and used immediately in an ELISA or frozen at Ϫ20°C.
Quantification of Antigen-Specific Antibodies. A␤ 1-42-specific IgG and IgM antibodies were measured by ELISA. IgG subclasses were analyzed in serum samples 1 wk after the last boost by A␤1-42-specific ELISA at eight different dilutions. Plates were coated with 10 g/ml A␤1-42 overnight at 4°C. After washing each well with PBS-0.05%/Tween 20 and blocking with 1% BSA, serial dilutions of sera were added to the plates and incubated at 37°C for 2 h. After washing, the plates were incubated with a phosphatase-conjugated anti-mouse Ig (IgG, whole antibody, Jackson ImmunoResearch, West Grove, PA) or isotype-specific antibodies (IgM, IgG1, IgG2a, and IgG3 (Pharmingen BD, San Diego, CA) and Ig2b (Zymed, San Francisco, CA) for 2 h at 37°C. After washing, plates were incubated with pNPP and read at 405 nm by using an ELISA plate reader. Results are expressed with reference to serial dilutions of a titrated pool of serum from immunized adult mice or from serial dilutions of a commercially available antibody (6E10; Chemicon International, Temecula, CA). Alternatively, results are expressed as O.D. at a dilution where no sera were at saturation level (1:100 for IgG1, 2a, and IgG3 and 1:400 for IgG2b).
Epitope Mapping. Epitope mapping was performed by ELISA by using a peptide library consisting of 33 biotinylated peptides covering the complete amino acid sequence of A␤ 1-42 (produced by Mimotopes, Clayton, Victoria, Australia and purchased from ANAWA Trading, Wangen, Switzerland). A biotinylated complete A␤1-42 peptide was used as positive control (Bachem, Bubendorf, Switzerland). Epitope mapping was done according to the manufacturer's (Mimotopes) instructions.
Animal Care and Treatment. All treatments were approved by the Local Committee for Animal Use and were carried out in accordance to state and federal regulations. Double-transgenic 3-to 4-month-old female mice of F1 (FVB ϫ C57BL) genetic background that expressed both mutant human amyloid precursor protein (APP-V717I) and mutant human presenilin-1 (PS1-A246E) both under the control of the mouse thy1 gene promoter were used (42, 43) . All mice were genotyped by PCR at the age of 3 wk, and each mouse was uniquely labeled. All mice were then genotyped by a second PCR performed at the onset of the study, before blind randomization into different experimental groups. Mice had free access to water and standard mouse chow (Muracon-G; Trouw Nutrition, Gent, Belgium) and were housed under a reversed day-night rhythm in standard metal cages in accordance with local legislation on animal welfare. Five days before the initiation of the behavior test, mice were caged in macrolon Type 2 cages and transported to the behavior laboratory to familiarize them with the testing environment.
For immunization of the APPxPS1 double-transgenic mice, the
